Background and objective: The optimal time for changing failing antiretroviral therapy (ART) is not known. It involves balancing the risk of exhausting future treatment options against the risk of developing increased drug resistance. The frequency with which new drug-resistance mutations (DRM) developed and their potential consequences in patients continuing unchanged treatment despite persistent viremia were assessed.
Introduction
The identification of virologic failure during antiretroviral therapy (ART) raises complex management issues: when to switch to a different regimen, and which elements of the regimen to change. Prospective and retrospective clinical trials among patients failing ART demonstrate that using genotypic resistance testing to guide treatment may improve short-term virologic outcome. Some reports indicate that regimens containing more drugs to which plasma virus is susceptible have a greater likelihood of achieving durable suppression of virus replication than regimens containing fewer active drugs [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, methods to identify fully and partially active drugs following resistance testing, and strategies for altering drug treatment are not well defined in those reports.
Prompt intervention is recommended in patients failing ART, to minimize emergence of cumulative drug resistance and cross-resistance, and to preserve future drug options [10] . However, observational studies and clinical trials suggest that a significant fraction of subjects continuing a failing regimen might have immunologic and virologic benefits. These benefits include the selection of virus with decreased replicative capacity and the maintenance of stable CD4þ cell counts [11] [12] [13] .
Thus, it is unclear how rapidly an alternative treatment regimen should be instituted when virologic failure has been detected: Is it better to change a failing regimen immediately or to wait until either viral load (VL) or CD4 cell counts reach a certain threshold? Changing treatment due to virologic failure in patients whose CD4 cell count is stable or rising may prematurely exhaust treatment options, and particularly when there are few alternative treatment options continuing the failing regimen might be beneficial. On the other hand, continuing a failing regimen may lead to increased resistance and cross-resistance.
To assess the extent to which maintaining ART leads to the selection of increased drug resistance, we analyzed consecutive reverse transcriptase (RT) and protease sequences in patients continuing a regimen associated with persistent plasma viremia. Genotypic changes and the evolution of new drug resistance mutations (DRM) were used to calculate drug susceptibility and determine whether continued therapy with a failing regimen might limit future treatment options.
Material and methods

Study population
Between 1997 and 2003, genotypic testing was performed at Stanford University Hospital on 754 HIVinfected patients with known treatment history from one institution (Kaiser Permanente, Northern California, USA); 372 of these patients had two sequences performed. We identified those patients who had two genotypic resistance tests separated by more than 2 months without an intervening change in their drug regimen. Those who had a change in drug regimen within 2 months prior to the first sequence were excluded from the analysis. Treatment history was obtained by chart review. Maintenance treatment regimens were defined as antiretroviral drugs received during the time between the first and second sequences. Previous treatment regimens were defined as drugs to which patients had been exposed prior to the maintenance regimen (Fig. 1) . We analyzed CD4 cell counts and VL levels collected at the start of the maintenance regimen, and at the first and second sequence time points.
HIV-1 RT and protease sequencing Sequencing was performed using a previously described method [14] . Briefly, RNA was extracted from 0.2 ml of plasma using the guanidine-thiocyanate lysis reagent Fig. 1 . Study timeline. Median duration of exposure to antiviral therapy prior to the maintenance regimen (gray square), and during the maintenance regimen (black square), and how these relate to the time of the first and second sequences (bottom arrows). CD4 (cells 3 10 6 /l) and viral load (log 10 copies/ml) at the three time-points are shown. 
Data analysis
For each patient, RT and protease DRM were identified in sequences isolated at two different times during the maintenance drug regimen. Mutations were defined as 'acquired' if they were found in the second sequence and not the first. Mutations were defined as 'no longer detected' if they were identified in the first sequence and not the second. RT (positions 1-240) and protease (positions 1-99) sequences were aligned and analyzed using the programs LAP (http://www.hgmp.mrc. ac.uk/Registered/Webapp/lap) and HIVSEQ [16] .
Personal characteristics examined included: age, ART history, drug therapy duration, time between first and second sequences, CD4 cell counts, VL, DRM, and the predicted drug susceptibility and genotypic susceptibility score (GSS).
Drug susceptibility was scored by HIVDB, a computer program that uses publicly available mutation scoring tables that are based on published literature to assign levels of resistance to 17 approved RT and protease inhibitors [17] . Each drug resistance mutation is assigned a drug penalty score, and a total drug score is derived by adding the scores of each mutation associated with resistance to that drug. The program then reports a level of inferred drug resistance: susceptible (score 0-9), potential low-level resistance (10) (11) (12) (13) (14) , low-level resistance (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) , intermediate resistance ) and high-level resistance (. 60).
For the GSS calculation each of the 17 drugs was assigned a value of 1, and the individual drug GSS was estimated as [1 À (drug score)/60]. Negative numbers (total drug score . 60) were assigned a value of 0. The 'maintenance regimen' GSS was calculated by summing up scores of drugs included in the maintenance regimen, with a range of 0 (most resistant) to 5 (least resistant). The 'other drugs' GSS was calculated by summing up scores of drugs not included in the maintenance regimen, with a range of 0 (most resistant) to 14 (least resistant).
Phylogenetic trees of paired sequences from each study patient confirmed the absence of laboratory crosscontamination. Subtypes were determined by inspecting phylogenetic relationships of each sequence segment to aligned segments of reference sequences, using bootscanning [18] .
Comparisons between the results from the first and second sequences were performed using the Wilcoxon Signed-Ranks test. For each personal characteristic, measured at the first sequence time point, Poisson loglinear regression models were used to predict the expected number of DRM at the second time point.
The main effect of the characteristic and its interaction with the time between sequences were assessed, adjusting for CD4, VL and number of previous drugs at the first time point.
Results
Patients and treatments One hundred and six patients had two genotypic resistance tests separated by more than 2 months without an intervening change in drug regimen from at least 2 months prior to the first sequence until the second sequence. Median age was 45 years [interquartile range (IQR), 40-50 years] and 94% (100 of 106) were males. Median duration of drug therapy prior to the maintenance regimen was 36 months (IQR, 16-55 months). The maintenance regimen was the first regimen for 12 (11%) patients, the second to fourth regimen for 58 (55%), and the fifth to tenth regimen for 36 (34%) patients. Median duration of the maintenance regimen prior to the first sequence was 29 months (IQR, 19-48 months). The median time period between the two sequences was 14 months (IQR, 8-22 months) (Fig. 1) . Median CD4 cell counts at the start of the maintenance regimen, and at the first and second time points were, respectively, 278, 336 and 339 3 10 6 cells/l (P ¼ 0.15, Kruskal-Wallis test). Median VL at the start of the maintenance regimen, and at the first and second time points were, respectively, 3.6, 3.7 and 4.0 log 10 copies/ml (P ¼ 0.01, Kruskal-Wallis test) (Fig. 1) .
At the time of the first sequence, the median number of drugs to which patients had been exposed was 6 (IQR, 4-8). Sixty-one patients (58%) received an NRTI þ PI regimen, 16 patients (15%) received an NRTI þ PI þ NNRTI regimen, 15 patients (14%) received NRTIs þ NNRTIs and 14 patients (13%) received only NRTIs. The most commonly used regimens were stavudine þ lamivudine þ nelfinavir or indinavir (n ¼ 16) and zidovudine þ lamivudine þ nelfinavir or indinavir (n ¼ 13). The most commonly used NRTIs were lamivudine (n ¼ 65), stavudine (n ¼ 61), zidovudine (n ¼ 30) and didanosine (n ¼ 28); the most commonly used PIs were nelfinavir (n ¼ 33), indinavir (n ¼ 23) and saquinavir (n ¼ 19); and the most commonly used NNRTIs were efavirenz (n ¼ 18) and nevirapine (n ¼ 10).
Sequences and mutations
All RT and protease sequences were subtype B, and in every case the two sequences from each individual were phylogenetically closer to one another than to sequences from other patients (data not shown). Seventy-five percent of patients (80 of 106) acquired new DRM between the two sequence time points, including PI-resistance mutations in 48 of 78 (62%) patients receiving PIs, NRTI-resistance mutations in 47 of 106 (44%) receiving NRTIs, and NNRTIresistance mutations in nine of 31 (29%) receiving NNRTIs. The most commonly acquired mutations and the number of these mutations in the first sequence are shown in Figure 2 . Twenty-seven (25%) patients acquired only a PI mutation, 20 (19%) acquired PI þ NRTI mutations, 20 (19%) acquired only NRTI mutations, five (3%) acquired only NNRTI mutations, four (4%) acquired NRTI þ NNRTI mutations, two (2%) acquired PI þ NNRTI mutations and two (2%) acquired mutations rendering resistance to all three drug classes. In 21% of patients (22 of 106) one or more drug resistance mutations were no longer detected in the second sequence. Table 1 shows comparisons between the first and second sequences. After continued treatment, a significantly greater number of DRM were identified in sequences from the second time point than from the first time point (a median of 10 versus eight mutations per pol gene sequence, P , 0.001), resulting in a lower median GSS both for the maintenance regimen (0.5 versus 0.3, P , 0.001) and for other drugs (7.7 versus 7.1, P , 0.001). Moreover, a greater number of drugs were predicted to be inactive by the second time point (median of six versus four at the first time point, P ¼ 0.003).
Virus load and CD4 cell changes Twenty-one patients (20%) experienced an increase in their CD4 cell counts and a decrease in their VL in the interval between the two time points. In 15 patients (15%) both CD4 and VL decreased, in 31 patients (30%) both CD4 and VL increased, and in 36 patients (35%) CD4 counts decreased and VL levels increased (Fig. 3a-d) . Despite these differences, a similar proportion of each of these four subgroups acquired new DRM (67, 87, 74 and 75% respectively, P ¼ 0.6, chi square test). There was no significant difference in the development of new mutations among the patients with rising or falling CD4 counts (71 versus 78%, P ¼ NS) or among those with increasing or decreasing VL (74 versus 75%, P ¼ NS). The 'maintenance regimen' GSS was significantly lower at the second time point than it had been at the first time point in each of the four groups. The 'other drugs' GSS declined in all groups except for the 31 patients in whom both CD4 and VL increased.
The results of the regression models are shown in Table 2 . The presence of fewer mutations and a higher 'other drugs' GSS at the first time point were predictive of a greater frequency of developing new DRM at the second time point. The interaction of both of these characteristics with the time between sequences was also significant, although smaller in magnitude compared to the main effect of each of these variables. Longer intervals between the two time points increased the main predictive effect of the major protease mutations and decreased that of the 'other drugs' GSS.
The interval between the two time points was also significantly related to the number of newly acquired mutations: An increased interval was associated with a greater number of new DRM. The median time between sequences was 10 months in the 35 patients who acquired one mutation and 18 months in the 45 patients who acquired more than one mutation (range 2-8 mutations, P ¼ 0.001, Mann-Whitney test).
Drug susceptibility assessment
We used HIVDB to predict the evolution of resistance to drugs in the maintenance regimen as well as to the remaining available antiretroviral drugs. The second sequence demonstrated either new or increased resistance to at least one drug in the maintenance regimen (range, 1-5) in 37 (35%) patients, and unchanged resistance in 69 (65%). A total of 49 of 106 (46%) patients developed high-level resistance to a median of three of all the remaining available drugs (IQR, 1-5 drugs) during this time interval and 61 of 106 (58%) patients developed a higher level of resistance to a mean of four remaining available drugs (IQR, 2-6) during this interval.
Discussion
Our observations provide insight into how uninterrupted, failing ART affects the development of DRM. These data show little change in CD4 and VL, despite the continuation of the same 'failing' ART for a median of 14 months. However, there was a concurrent time-dependent and significant increase in drug resistance in the majority of patients, which may limit future treatment options. These data have implications for physicians who need to decide when to change treatment in patients with viremia, despite ART.
Our cohort, which had taken a median of six drugs during a 36-month period and continued a failing regimen for a median of 29 months, had median CD4 cell counts of 336 3 10 6 cells/l and a median VL of 3.7 log 10 copies/ml. Continuing the failing regimen for a median of 14 additional months resulted in unchanged median CD4 counts (339 3 10 6 cells/l) and a small rise in median VL (0.3 log 10 ). Despite little change in these parameters, RT and protease sequences from 75% of patients accumulated RT and/or protease DRM in that same time period. The evolution of drug resistance in these patients resulted in a significantly greater number of DRM per patient and lower genotypic susceptibility scores that indicate increased resistance to more of the available antiretroviral drugs, including those in the maintenance regimen. MoreCopyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. over, 60% of patients continuing a failing drug regimen became more resistant to a median of four drugs, which for most was a high level of resistance. Resistance mutations accumulated in all subgroups regardless of VL or CD4 trajectory.
The extent of resistance mutation acquisition may reflect the diversity of latent quasi-species within HIVinfected individuals; viral populations harboring resistance mutations from previous drug exposure may become evident after sustained drug pressure and virus replication. In the 21% of patients that appeared to have lost a drug-resistant mutation during the interval between the first and second sequences, it is likely that the mutation is retained in the population of archived virus, and was undetected due to insensitivity of population sequencing [19, 20] . Alternatively, some mutations may decrease in prevalence because they either no longer contribute to drug resistance or do not provide a replicative advantage in the face of additional mutations.
The strongest predictor of the number of new DRM was the number of major protease mutations at the first sequence time point: fewer mutations were associated with the acquisition of increased numbers of new mutations by the second time point. The risk of acquiring new mutations was also higher with increasing time between the first and second sequences. This suggests a ceiling effect, in which patients with many mutations at the first time point are at decreased risk of developing new mutations. Similar analyses performed according to specific drug-class exposure did not reveal new predictors of DRM acquisition.
Longer duration of unchanged drug treatment was associated with increased selection of drug resistance regardless of the VL or immune response during virologic failure. Of the 106 patients in our study, 39 (37%) with VL less than 5000 copies/ml and 37 (35%) with CD4 counts greater than 350 3 10 6 cells/l (19 overlapping patients) acquired DRM between the first and second time points. Mutations were acquired even in 12 of 13 patients who maintained a VL of 50-999 copies/ml and by 11 of 13 patients with VL 1000-1999 copies/ml. These results agree with other studies that show loss of drug susceptibility and selection of DRM even at low levels of viral replication [3, 21, 22] , as well as in later stages and in patients with a VL-CD4 discordance [23, 24] . The level of VL, as a surrogate for replication rate during viral failure, does not appear to predict the rate of accumulation of resistance mutations.
Acquisition of RT and protease mutations at positions not usually associated with drug resistance was also observed. Many of these, including protease positions 11, 13, 22, [25, 26] , which further substantiates our theory of ongoing selection pressure leading to the evolution of drug resistance. As the role of these mutations in resistance and fitness has yet to be established, these mutations were not accounted for by the algorithm used to detect drug resistance, which uses only commonly accepted mutations.
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. Interaction describes the effect of the addition of time between sequences to each characteristic's prediction of the number of drug-resistance mutations at the second sequence time point. The coefficient sign indicates the direction of the association. Results were adjusted for CD4 cell count, viral load and number of previous drugs at the first time point. Rx, treatment; PI, protease inhibitors; NRTI, nucleoside reverse transcriptase inhibitors; NNRTI, non-nucleoside reverse transcriptase inhibitors; GSS, genotypic susceptibility score.
Data presented here augment previous reports [27] [28] [29] and further define the extent of mutation accumulation that occurs during failing ART. Recent reports describing low incidence of new mutations among patients continuing a failing regimen were restricted to patients at late stages of disease or those with a very extensive drug exposure background; two groups likely to have already had many DRM before the study began. Other reports focused predominantly on patients with a high CD4 cell count, who may have a decreased propensity to acquire mutations. In some of these reports the time period of the study may also have been too short to select DRM. Despite the above impediments, accumulation of DRM in these previous reports was observed in about 30% of patients.
Some limitations of this clinical observational study make it difficult to generalize our findings: variable follow-up times, diversity of drug regimens, and the possibly inaccurate identification of resistance by genotypic analysis and GSS calculation in sequences with complex mutation patterns and drug regimens. The indistinct role of the recently described DRM and the non-randomized nature of this study may have led to underestimation of the evolution of drug resistance.
In summary, early studies of drug resistance demonstrated ordered accumulation of DRM in patients receiving ART regimens, that we now know were insufficiently potent [30] [31] [32] . Here we illustrate a time-dependent accumulation of DRM during a failing drug regimen. Persistence of viral replication despite stable CD4 cell numbers leads to the selection of viruses that are potentially more resistant, perhaps diminishing future treatment options.
